INTRODUCTION
============

Production of branches (tillering) is an important trait of many cereal plants such as wheat (*Triticum aestivum*) and rice (*Oryza* species). Cereal plants are able to maximize total plant light capture and grain production through processes such as bud dormancy break, tiller development, and tiller senescence. These processes are highly plastic: the growing conditions a cereal plant experiences strongly influence the tillering characteristics of the plant (e.g., [@B4]; [@B39]; [@B26]; [@B14]; [@B42]). At high population densities, bud break is generally low and tiller mortality is relatively high ([@B6]).

Most crop growth models of cereals, which aim at predicting grain production on an area basis, do not take into consideration the plant's response to environmental conditions in terms of tiller production ([@B23]). For many scenarios this is not a problem, since within a common range of agronomical practice (population density, row distance) leaf area and ear production is rather predictable and stable when expressed per unit of ground area. However, accurate prediction of variables such as light interception and ear production becomes more difficult in the case of more heterogeneous canopy configurations, such as in intercropping systems ([@B28]), wide-row crop systems ([@B48]), and in crops that show erratic emergence and establishment. Such non-uniform leaf area distribution is difficult to represent in most crop models, leading to inaccuracies in predictions of crop growth.

Here, we review the possibilities to simulate branch production in cereals using a plant architectural modeling technique: functional--structural plant modeling (FSPM; [@B45]; [@B7]; [@B13]). Using FSPM, tiller production and senescence can be evaluated for every individual plant in the canopy. This results in an accurate three-dimensional representation of canopy development over time. In this paper, we show how tiller appearance and senescence can be represented in FSPM and how internal and environmental regulation of tillering can be implemented.

MODELING CEREAL ARCHITECTURE
============================

Leaves are provided with tiller buds in their axils, which only produce a branch if circumstances are favorable. Therefore, the composition of the vegetative cereal phytomer is always the same: an internode, a leaf (sheath and lamina), and an axillary bud ([@B32]; [@B19]). Modeling cereal architecture starts with the phytomer which, in classic L-system notation ([@B36]), can be represented by a string of characters B (tiller bud), I (internode), N (node), S (sheath) and L (lamina):
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where the brackets represent structures forking off the main axis such as leaves and branches. A typical L-system rewriting rule ([@B36]) that represents the creation of new phytomers by the apical meristem (A) is:
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Starting with only A, and applying the rewriting rule three times will result in a stem segment consisting of three phytomers and a shoot apical meristem at the top, represented by the string:
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which could be represented graphically as shown in **Figure [1A](#F1){ref-type="fig"}**. As the shoot develops and under favorable conditions, cereal shoots produce tillers in acropetal direction. An L-system rewriting rule that represents the change from a dormant bud to an actively developing shoot could simply look like:
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A

after which rule 1 could be applied to the newly created apex, to make the tiller develop like its parent shoot. In most cases tillering starts from the bottom-most phytomer, which is represented in **Figure [1B](#F1){ref-type="fig"}** for the case of a developing four-phytomer shoot with two developing tillers. In turn, the buds present on the first-order tillers can potentially produce tillers themselves. In this way higher-order tillers, which frequently occur in cereals, can be generated.

![**(A)** Graphical representation of an L-system string containing three vegetative cereal phytomers with an apical meristem on top and **(B)** three vegetative cereal phytomers the lower two of which have grown a two-phytomer and one-phytomer tiller, respectively. L, lamina; S, sheath; I, internode; N, node; B, bud; A, apical meristem. In **(B)**, sheaths and laminae (connected at the dashed lines) have been omitted for clarity. **(C,D)** Cereal architecture simulated using L-systems, using functional--structural plant modeling (FSPM): cereal plant in flowering stage with no tillers **(C)** and with four tillers **(D)**.](fpls-04-00399-g001){#F1}

The representation of tillering above only considers the network of interconnected organs, i.e., the topology of the plant. To be able to simulate regulation of tiller appearance and senescence by internal and/or environmental factors, organ geometry needs to be considered as well. Geometrical characteristics such as internode length, blade size, shape and angle, shoot and leaf orientation determine factors like transport of compounds throughout the plant, and interception and scattering of light by the plant's organs. In FSPM, organ geometry can be taken into account explicitly, which, together with plant topology, allows for accurate three-dimensional representation of plant architecture (**Figures [1C](#F1){ref-type="fig"},[D](#F1){ref-type="fig"}**).

MODELING REGULATION OF TILLERING
================================

PROBABILITY DISTRIBUTIONS
-------------------------

The number of tillers formed and senesced can be represented in an FSP model using a purely statistical, descriptive approach. To this end, each bud represented in the model is typically provided with a value for the probability it will break and form a tiller, and the probability it will senesce before reaching maturity. At initiation of each bud the values for these parameters are chosen randomly from a distribution of values obtained experimentally. Typically, such distributions are determined for a range of population densities, nutrition levels or light levels. As such conditions are normally model input, an appropriate number of tillers will emerge upon model execution, mimicking tillering in real canopies ([@B46]; [@B16]). This is fine in those cases where plant stands experiencing one certain set of conditions is being simulated, for example, for a particular population density or climate. Such simulated copies of real plant stands can subsequently be used, e.g., to assess the impact of cultivar leaf angle on rate soil covering, the light climate within the canopy during cereal crop development, the dispersion of fungi within a crop canopy, etc.

However, modeling of tillering using probability distributions becomes more cumbersome and less useful in case canopy configuration or environmental conditions are not uniform on an area basis. Such models based on single parameter distributions cannot represent tillering characteristics of border plants, especially in intercropping and wide-row systems. A solution could be to determine the local conditions per plant and provide the model with parameter distributions for all sets of local conditions occurring. A more elegant and simple solution to this problem is to use dose--response curves directly relating environment to tillering.

DOSE--RESPONSE CURVES
---------------------

Tiller bud break and tiller senescence are known to directly depend on environmental conditions, such as soil phosphorus (e.g., [@B39]; [@B8]) and nitrogen ([@B50]; [@B1]), and the red/far-red ratio (R:FR) of the light within the canopy (e.g., [@B3]; [@B42]). To accurately describe the tillering response of cereal plants to local light or nutrient conditions in an FSP model of cereal development, dose--response curves can be implemented. In FSPM such curves relate an environmental variable such as R:FR ([@B15]) or multiple environmental variables such as both R:FR and light intensity ([@B21]) to the probability of a tiller to start growing or to senesce. The shape of such a curve depends on the response observed experimentally. Dose--response curves may have diverse shapes (**Figure [2](#F2){ref-type="fig"}**).

![**Dose--response curves representing the response of tiller appearance or senescence probability to some environmental variable.** Four hypothetical curves are shown: unit-step response with a threshold value of 0.2 (red line), a curvilinear response (green line), a sigmoidal response with an inflection point at 0.5 (blue line), and a linear response (black line).](fpls-04-00399-g002){#F2}

In the case of light, an essential difference between models using probability distributions and those using response curves relating light to tillering is that the latter allow for tiller-environment feedback. Newly formed tillers and tillers that just senesced affect the light environment, possibly affecting appearance and senescence of other tillers on the same or neighboring plants. This feedback between tillering and the light climate in a canopy gives interesting opportunities for research questions in the domain of plant manipulation or other processes affecting plant architecture. Processes such as defoliation, thinning, or (partial) plant death due to diseases can be implemented in the FSP model, and the resulting effects on tillering behavior can be studied.

Dose--response curves enable the simulated plants to make their tillering behavior depend on local conditions. Plants at the border of a simulated plot will experience a different nutritional status of the soil (less belowground competition) and/or a different light climate (higher radiation intensity, higher R:FR), and will consequently produce more tillers compared to plants in the middle of the plot. Depending on which type of response curve was chosen, simulated tillering behavior may or may not realistically mimic actual observations ([@B15]). Nevertheless, models simulating tiller appearance and senescence using response curves still merely *describe* tillering behavior rather than *explain* it. For research questions that focus on understanding how tillering is regulated, and what processes are involved and are interacting to result in the tillering patterns observed, another level of detail needs to be added.

MECHANISTIC MODELING OF TILLER APPEARANCE
-----------------------------------------

The term mechanistic modeling is used for those models that incorporate mechanisms on one level of integration, and provide output at a higher level of integration. Such models aim at explaining the output based on the underlying mechanisms. Therefore, mechanistic models are usually capable of predicting also outside the ranges they were originally calibrated for. Tillering is controlled through many different mechanisms ([@B44]; [@B33]; [@B2]). Here, we will consider three main groups of processes related to tillering control (regulation by carbohydrate availability, by hormones, and by macronutrients) to discuss mechanistic modeling of tillering.

### Carbohydrate control

A bud needs carbohydrates to grow out into a tiller, making it a strong sink for carbohydrates. In case a plant experiences low light levels, or has many sink organs simultaneously, the ratio between the supply and demand for carbohydrates (the source/sink ratio) may be low. In such a case only a fraction of the buds will have the opportunity to grow a tiller. As a new tiller develops, it gradually changes its role from sink to source for carbohydrates, influencing the source/sink ratio of the whole plant. Next to their role as substrates for growth, carbohydrates have also been identified as signaling molecules for a host of physiological processes (sugar signaling; [@B40]) which may affect tillering. Although most evidence of tillering control by carbohydrates either as growth substrates or as physiological signals is of correlative nature ([@B2]), carbohydrates are undeniably needed for branch growth, so the source/sink ratio has been implemented widely in simulation models as a determinant of tillering and branching ([@B29]; [@B43]; [@B30]; [@B17]).

To implement carbohydrate control of tillering in an FSP model, processes related to carbohydrate supply and demand need to be incorporated. Carbohydrates supply is usually captured by implementing light absorption and photosynthesis routines at the level of the plant organ ([@B47]; [@B17]; [@B49]). Light absorption can be calculated using various approaches such as radiosity or ray-tracing ([@B5]), which take into account reflection, transmission, and absorption of photosynthetically active radiation by all organs in the simulated canopy. The most popular photosynthesis sub-model in FSPM and many other types of plant and crop model is the Farquhar--von Caemmerer--Berry (FvCB) biochemical photosynthesis model ([@B18]). The FvCB model can be calibrated easily using data from gas-exchange measurements. In FSPM, light absorption and photosynthesis simulation give carbohydrate supply at the organ level, which may differ between organs depending on their local light environment. A frequently used approach to modeling carbohydrate demand at the organ scale is the relative sink-strength approach ([@B22]) which dictates that substrates are allocated to growing organs according to their relative sink strength, i.e., their potential growth rate (in units of substrate demanded per unit of time) proportional to the potential growth rate of the whole plant. The ratio between the total plant supply of carbohydrates as calculated from organ photosynthesis, and the total plant demand for carbohydrates calculated as the sum of the potential growth rates of all organs requiring carbohydrates, is the source/sink ratio.

Instead of attempting to estimate the sink strength of individual buds, a threshold value of the source/sink ratio is often determined above which buds are allowed to form a tiller. Such a threshold may represent a physiological state analogous to sugar signaling ([@B29]). A threshold value of 1.0 means that a tiller may develop in case the carbohydrate supply exceeds the demand. Lower or higher values may represent more opportunistic or conservative strategies toward tiller development, respectively.

### Hormonal control

A complex system of hormonal interactions controls branch formation in general ([@B27]; [@B9]; [@B10]). To a large extent tillering is governed by the same processes, although there are small differences compared to dicots ([@B33]; [@B2]). Processes in branching control concern (long-distance) signaling by plant hormones auxin, strigolactone (both branching suppressors), and cytokinin (branching promotor) and are conserved between mono- and dicots. In grasses, ethylene and gibberellins also play a role ([@B37]; [@B20]; [@B24]).

In order to simulate hormonal control of tillering using FSPM, processes such as hormone biosynthesis, transport, and decay need to be implemented. In their pioneering work, [@B35] associated biosynthesis of auxin with modules representing the apex and the buds in a simple FSP model, and incorporated routines to calculate active (i.e., transporter-protein mediated) transport of auxin through the developing plant structure. Bud activation and subsequent branch development was an emerging property of the model, driven by auxin levels in the bud and the adjacent stem and by the feedback between the dynamics of auxin and transport-protein levels. This approach was adopted and extended to simulate R:FR control of hormone-regulated branching in *Arabidopsis* ([@B12]). Similar approaches could be used to simulate cereal tillering as well. The current discussion on which hormonal factors are involved for branching control in grasses and dicots ([@B10]; [@B38]; [@B41]) provide good opportunities for FSPM to test hypotheses on branching and tillering control.

### Nutrient control

Both soil nitrogen and phosphorus affect tillering in cereals ([@B39]; [@B50]; [@B8]; [@B1]). Soil nitrogen limitation can suppress branch growth directly ([@B31]) and through an effect on production of cytokinin ([@B44]). Soil phosphorus limitation results in decreased branching ([@B25]) acting through hormone signaling by stimulating strigolactone production and transport within the plant.

Analogous to control by carbohydrates, simulation of tillering control by nutrients requires definition of nutrient supply, nutrient demand, and allocation of nutrients to demanding organs. Simulation of nutrient supply, i.e., uptake by the root system, itself can be done at various levels of detail. The simplest approach is to provide the simulated plant with nutrients each time step according to measured values of uptake. A far more elaborate approach is to include the soil environment and development and growth of the root system architecture, making nutrient uptake dependent on root architecture, rooting depth and horizontal distribution, heterogeneity in soil nutrient distribution, uptake processes, etc. ([@B11]; [@B34]). In principle, nutrient demand and allocation can be included similar to carbohydrates, which would allow for simulation of both tiller production and tiller senescence.

MECHANISTIC MODELING OF TILLER SENESCENCE
=========================================

Upon cessation of appearance of new tillers a phase sets in of cessation of growth and onset of senescence of part of the tillers. The number of appeared tillers represents an adaptation to the environment. A variable fraction of survival is another adaptation option, occurring somewhat later in the life cycle than cessation of tiller appearance. As mentioned, the same modeling paradigms can be applied to tiller senescence as to cessation of tiller appearance, i.e., from probability distributions, dose--response curves up to mechanistic modeling. [@B42] associated the onset of tiller senescence with the drop below a critical value of R:FR ratio at the base of the canopy. Interestingly, this critical R:FR threshold was suggested to interact with leaf nitrogen content -- where leaf nitrogen content is higher, the critical R:FR is lower. In other words, when more nitrogen is available, the canopy is allowed to grow larger before tiller death starts and vice versa. The carbohydrate source/sink ratio may proof to be a suitable concept to simulate tiller senescence but to our knowledge this has not been studied. Similar remarks apply to hormonal and nutrient control. For good reasons research has addressed mechanisms governing branching and tillering but for realistic modeling of the architectural dynamics of plants it is equally important to develop our understanding of the processes that govern senescence of tillers and branches.

CONCLUDING REMARKS
==================

FSP models provide excellent opportunities to address questions related to tillering in cereals, its regulation, environmental response, and consequences at plant and canopy level. Explicitly including tillering in a model may improve predictions of leaf area development especially in non-uniform canopies such as those in intercropping or wide-row systems. The choice whether to simulate tillering using probabilities, driven by dose--response relationships or by underlying processes depends very much on the purpose of the modeling exercise. If the goal is to mimic the three-dimensional structure of a cereal canopy, to be used for instance in a light-interception study, modeling of tiller appearance and senescence using probabilities may be sufficient. When studying the dynamics of tillering itself, it is essential to include the feedback between environment and tillering in the model. In such cases dose--response curves or more mechanistic approaches are required, which have disadvantages of additional data requirement and computational costs. In any case, FSP models are capable of simulating tillering and the consequences for cereal architecture at a high level of detail using well-established and straightforward modeling techniques. As such, FSP models can seamlessly complement experimental studies on plant and canopy development.
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